We have demonstrated preparing and rotating single neutral rubidium atoms in an optical ring lattice generated by a spatial light modulator, inserting two atoms into a single microscopic optical potential efficiently by dynamically reshaping the optical dipole trap, trapping single atoms in a blue detuned optical bottle beam trap, and confining single atoms into the Lamb-Dicke regime by combining red and blue detuned optical potentials. In combination with the manipulation of internal states of single atoms, the study is opening a way for research in the field of quantum information processing and quantum simulation. In this paper we review the past works and discuss the prospects. laser cooling and trapping, single atoms, quantum information processing, quantum simulation
Single neutral atoms are promising candidates for quantum information processing [1] and quantum simulation [2, 3] besides trapped ions, photons, etc. The preparation and manipulation of single atoms in optical microscopic potentials open a route to deterministically controlling the quantum states. Due to the good scalability and long coherence time, these quantum systems have been employed to demonstrate quantum gate [4] and entanglement of atoms [5] based on "Rydberg blockade" effect [6, 7] . A qubit can be encoded in the internal or motional states of an atom, and multi-qubit operations can be performed based on atom-light interactions or atom-atom interactions. In particular, the hyperfine ground states of alkali-metal atoms can be considered as qubits, which can be easily manipulated via microwave radiation or Raman transitions. Several kinds of proposals for quantum gate operation were designed based on dipoledipole interactions between Rydberg atoms [8] , cavity-mediated photon exchange [9] and controlled collisions [10] . Furthermore, single atom array can serve as a research platform for physical models described in other systems that are not directly investigated experimentally. The few-body simulation offers an opportunity to understand some intriguing many-body phenomena, such as superconductivity in solid materials [11] , and the natural process of photosynthesis [12] .
Instead of being adiabatically transferred from ultracold atomic ensemble, in our experiment single atom array is built one by one based on "collisional blockade" mechanism [13, 14] that locks the atom number either zero or one in ultra small dipole trap in the presence of near-resonant laser light. Here, we demonstrate trapping single neutral rubidium atoms in the ring lattice generated by a computer controlled spatial light modulator (SLM), and present several kinds of manipulations of single atom array.
Experimental overview
Our experimental setup is shown in Figure 1 (see also [15] ). The SLM (Holoeye, HEO 1080P) has a resolution of 1920× 1080 pixels, and each pixel size is 8 μm×8 μm. Controlled by computers, it could transform a single collimated Gaussian beam into arbitrary intensity pattern with first-order diffraction efficiency of 40%. As we know, Laguerre-Gaussian (LG) beams possess orbital angular momentum along the optical axis with radial mode number p and non-zero azimuthal mode number l [16] . Among them, the p = 0 modes, called doughnut beam, have a spiral phase structure where the phase is undefined on the optical axis [17] . The intensity distribution of these beams is given by     the Rayleigh length, and I is the laser intensity. By interfering co-propagating two doughnut beams with opposite azimuthal indices l, a ring lattice shaped intensity distribution is obtained, which comprises 2l petals [18] : 
Instead of superposing a pair of separated beams, the ring lattice in our experiment is generated by the SLM that imposes the holograms containing the phase of the superposed
LG modes onto a single laser beam. We implement an algorithm that has details in [19] using the MATLAB software to generate the ring lattice holograms. The function is 
where the term angle [LG(x, y, l, z, w 0 , z R )+LG(x, y, −l, z, w 0 , z R )] is the ring lattice phase pattern, and x·k x is a blazed phase grating structure, acting as a tilted mirror to separate the ring lattice from the 0th-order non-modulated light. The phase pattern has one phase jump of π for l = 1 and 2l symmetrical jumps of π for l > 1. The corresponding modes consist of 2l petals (see Figure 2) , with each petal as an optical dipole trap when the laser is red detuned from the atom resonance. One can notice that, for l = 0 there is not phase jump, corresponding to the Gaussian mode which is a single trap with the same optical axis as the ring lattice. Loaded from the 87 Rb magneto-optical trap (MOT) at the typical temperature of 100 μK, the generated ring lattice at 830 nm wavelength is strong focused to a waist of 2.1 μm by a commercial microscope objective (NA = 0.38, LINOS) placed outside the vacuum chamber. Because of aberration caused by the glass cell of the ultrahigh vacuum chamber, the focused system does not work in the diffraction-limited regime. The optical potential depth can be varied with the laser power, with a typical depth of 1 mK. The light induced fluorescence (LIF) of atoms in the ring lattice is collected with the same microscopic objective lens and separated from trapping beam with a dichroic mirror. Then it is divided into two parts. One is imaged onto an electron multiplying charge coupled device (EMCCD, PhotoMax 512) camera, and the other is coupled into a fiber and detected with an avalanche photodiode (APD) assembled in a single photon counting module (SPCM, EG&G AQRH-14-FC). By selecting suitable fiber and adjusting the kinematical mounts of the collection system, we can collect the LIF from the whole lattice or any one trap. In the experiment, we choose a single-mode fiber at 1550 nm wavelength for spatial filtering or a multi-mode fiber at 50 µm diameter for larger visual field.
By reducing the intensity and increasing the detuning of the MOT beams, the loading rate could be less than 1 s −1 for each microscopic far-off-resonance trap (FORT). Shown in Figure 3 (a), we observe the fluorescence signals in an individual trap of the lattice in 20 ms time bins. The two characteristic steps represent no atom and one atom in the trap.
The sudden jumps of counts correspond to a single atom entering and being trapped, while the sudden drops result from atom leaving the trap due to a collision with another incident atom. The process of two or more atoms in a very small trap volume being ejected from the trap occurs as a result of light-assisted collision induced by the resonant laser at 780 nm, known as the "collisional blockade" mechanism [13, 14] . To assure that the upper fluorescence level corresponds to one atom, we make the Hanbury Brown and Twiss (HBT) effect measurement [20, 21] . The fluorescence coupled into the single-mode fiber is sent through a 50/50 fiber optic beam splitter onto two APDs and then converted into NIM signal by discriminators (ORTEC 935). The delay time of photon pair events is recorded by a time-to-digital converter (TDC, RoentDek TDC8HP) only when the fluorescence exceeds the threshold in order to minimize background contributions. In Figure 3 (b), the background corrected measurement results indicate that the fluorescence does come from one atom [21] . 
The fluorescence signals and images of single atom array
The LIF collection system is focused onto the whole lattice, so single atoms in the lattice could be monitored by the APD. The left picture of Figure 4 shows the fluorescence signals taken for two-trap and four-trap arrays with different coupled fibers. The signal to noise ratio with a multi-mode fiber (Figure 4(b) ) is lower than one with a single-mode fiber (Figure 4(a) ). It can be enhanced by improving the laser frequency stabilization and optimizing the laser intensity and frequency detuning [22] . The multiple jumps of counts indicate that atoms are trapped simultaneously in the ring lattice with one loaded in each trap. Since the loading process of single atoms is completely stochastic and independent, the probability of detecting more than one atom in the ring lattice is smaller than one atom in an individual trap [23] .
Single atoms confined in the FORTs are separated by several micrometers. To observe atoms directly, we utilize an optical lens (f = 200 mm) to focus the LIF onto the EMCCD camera with a magnification factor of about 20 to capture spatially resolved images. Appearing as each square in the images, one pixel of the camera is 16 μm×16 μm, corresponding to a size of 0.8 μm×0.8 μm in the object plane. We overlap images of atoms with the camera photo surface and block background stray light with an interference filter. The fluorescent images of single atoms in the ring lattices are shown in the right picture of Figure 4 with an exposure time of 50 ms.
The lifetime of single atoms
Single atoms cannot stay long in the dipole trap when the MOT is always on. We show a histogram of 770 single atom events, and fit it with an exponential decay function in Figure 5 (a). The 1/e lifetime of single atoms with the MOT on is about 460 ms, which is sufficient for us to judge and execute the time sequence in succession. For long-term storage, the MOT beams have to be switched off to stop loading process after an atom entering the trap, and only keeping one atom in the trap. The lifetime of single atoms in the FORT without the MOT beams is measured. In the experiment, we take the following time sequence: executing laser cooling and trapping process until the counts of fluorescence from an individual dipole trap exceed a threshold, then shutting off the MOT for a certain time while keeping the dipole laser on, after that switching on the MOT light again to detect whether the atom stay in the trap, then repeat. In Figure 5 (b), we scan the off time from 2 s to 20 s to get the probabilities of atoms still in, and then fit the curve with an exponential decay function. Under our experimental conditions, the 1/e lifetime of single atoms is about 11.4 s due to collisions with untrapped background atoms in the ultrahigh vacuum chamber and heating mechanisms caused by intensity fluctuations and photon scattering of the FORT light [24] [25] [26] .
The oscillation frequencies and temperature of single atoms
We expect to discuss the dynamic characteristic of trapped atoms by measuring oscillation frequencies and temperature in the FORT. It provides a basis for manipulations of atomic motion.
The optical potential U(r, z) of atoms in the red detuned focused Gaussian beam can be written as
where U is the maximum potential depth. If the mean kinetic energy of trapped atoms is much smaller than the potential depth, the optical potential can be approximated by a harmonic oscillator. In this case, the axial and radial oscillation frequencies of atoms are given by
For a trap depth of U = 1 mK, the calculated oscillation frequencies are about 5 kHz and 50 kHz in axial and radial directions respectively. The oscillation frequencies of single atoms trapped in the FORT are measured by parametric excitation of the oscillatory motion. For a linear oscillator, parametric resonance occurs around the modulation frequencies ν mod = 2ν/n, where n is position integer. The width of resonance range and the amplification coefficient of oscillations rapidly decrease with increasing n [27] . In the experiment, once one atom in the FORT is detected, the MOT is turned off and the radio frequency power is sent to an amplifier that drives an electro-optic modulator (EOM) or acousto-optic modulator (AOM) to modulate the FORT potential depth. Then the MOT is switched on again to detect whether the atom is still in the trap. For a trap with depth U = 1 mK, we scan the modulation frequency from 3 to 22 kHz with modulation amplitude of 10% in 200 ms and from 30 to 220 kHz with amplitude of 8% in 100 ms, shown in Figure 6 The temperature of single atoms is measured by the release and recapture (R&R) method [28, 29] . The energy distribution of single atoms loaded from the MOT and trapped in the FORT is thermal and follows the Boltzmann distribution. In order to extract temperature from the measurement, we compare the experimental data with calculation results obtained from the Monte Carlo simulations of the trajectories of single atoms. As shown in the Figure 6 (c), the temperature of single atoms directly loaded from the MOT is (41±1) μK for a trap depth of U = 1 mK. The ratio between the FORT depth and the temperature is about 24. After taking the optimized laser cooling sequence, the sub-Doppler cooling process is implemented. The temperature of single atoms is lowered to (13±1) μK for a trap depth of U = 0.4 mK with the ratio of 31. Under this condition, the radial oscillation frequency is about 35 kHz, and the mean quantum number of the radial motion state is 7.2.
Rotating single atoms in the ring lattice
As described above, we have experimentally demonstrated trapping single neutral 87 Rb atoms in a ring lattice. Now we report the manipulation of the rotation of the lattice. For the first time, we two-dimensionally rotated single atom array by imposing a series of holograms onto the SLM with video resolution and refresh rates [15] . It can be observed from the modulated fluorescence signals of single atoms.
Dynamically rotating the ring lattice
In our experiment, the ring lattice laser has a phase pattern with 2l symmetrical phase jumps of π for l > 1 and one phase jump of π for l = 1. The azimuthal position of intensity maxima can be varied with the positions of phase jumps. To generate rotating holograms, we can add an offset φ to the azimuthal angle, i.e. . 2π
To preserve the periodicity of the rotation progress and obtain maximum rotation rate, the offset azimuthal angle φ is set to 2π/N, with N satisfying mod (60, N) = = 0. The output holograms with a series of different values of J (from 1 to 60), are converted to an audio video interleaved (AVI) version's video, which lasts for 1 second with maximum speed of 60 frames per second (fps). When playing the hologram movie on the desktop, the rotating holograms are displayed on the SLM with video resolution and the same refresh rates, thus the ring lattice rotates at a rate of 60/N Hz. From geometrical symmetry, values of N = 1, 2 do not change the shape of the ring lattice, corresponding to adding 2π and π step to the original azimuthal positions. Thus the maximum rotation rate obtained is 20 Hz (N = 3) in this scheme. Figure 7 shows the optical signals of the rotating l = 1 ring lattice at different rotation rates of 6 Hz, 10 Hz and 15 Hz with the sample interval of 1 ms. The signals are detected by a photo detector (New Focus, Model 1621) and recorded by a digital storage oscilloscope (Tektronix, TDS2014B). It suggests that the ring lattice is rotating smoothly in real time. The peak heights of signals are not the same, meaning that the laser intensities of two traps are not equal.
Rotating the single atoms
To monitor the rotating progress of single atoms in two-trap array, we first realign the fluorescence collection system and limit our observation view field only to one trap as in Figure 3 (a). Once an atom is trapped, the MOT and repumping beams are switched off for 40 ms to induce the atoms trapped in the MOT diffusion out of the ring lattice region, and then the hologram video is played on the SLM with the atom being forced to rotate. The fluorescence signal is continuously recorded during the rotating process, which displays an oscillation with frequency equal to the [15] . The rotation lasts for 1 s. rotation rate of holograms (15 Hz) due to the limitation of observation view field (see Figure 8(a) ). Under this condition, if two atoms are trapped simultaneously in the ring lattice with one in each trap, the collection system would get twice maximum counting rate in one period. In Figure  8 (b), the fluorescence signal displays an oscillation with frequency (12 Hz) twice the rotation rate (6 Hz).
Another collection system is built to detect the LIF from north-pole position of the ring lattice where no trapped atom at the beginning (see the leftmost picture of Figure 2(b) ). When single atom rotates and passes by the north-pole point, this collection system also sees the oscillating fluorescence signal with some time delay. In Figure 8 (c), the fluorescence is recorded by aiming at the left trap (solid line) where the atom is initially trapped and the upper north-pole (dashed line). Since the ring lattice is clockwise rotating, the upper pole signal is about 1/4 period later than the left trap signal. It indicates that the single atom is really rotating with the lattice.
Future research is planned to measure the decoherence time of rotating atoms and analyze the physical mechanisms leading to decoherence. We believe this scheme opens up possibilities for constructing quantum register with qubits encoded in the hyperfine levels of ground state of single atoms. The initial state preparation and single qubit operations can be achieved with Raman beams. The FORT laser can serve as one of the Raman pulses, as demonstrated in [30] ; meanwhile the other is sent to the rotation region. Single qubit manipulation will be accomplished based on rotation. Furthermore, atomic qubits in the ring lattice could be simultaneously rotated by coupling the Raman beam into the same fiber as dipole trap laser. The ability of dynamic manipulation of single atoms also opens the route towards experiments to test schemes of atom-atom entanglement recommended in [23] .
Technically, limited by the slow video refresh rate, the rotation rate of the ring lattice for single atoms is only 15 Hz at present. To overcome this limitation, we could utilize a versatile optical ring lattice and rotate the lattice smoothly and continuously in much faster speed [18] . However, for adiabatically transporting single atom in the trap, the acceleration a of the rotating trap must fulfill ma
where Ω is the oscillation frequency of the atom, the mass is m, and the extension of the ground state wave function is σ [31, 32] . For our experimental parameters, kHz rotation rate of atoms could be obtained with this method.
High efficient loading of two atoms into a microscopic optical trap
In [33] , a scheme for inserting two atoms initially stored in separate potential wells of a standing wave optical dipole trap into the same well is demonstrated, and then interaction between these atoms leading to light-induced collision is deterministically induced. However, the obtained success rate of preparing pairs of atoms is only 16% due to the uncertainty of distance control between the atoms. In our experiment, two single atoms initially trapped in double wells can follow the evolution of the computer controlled lattice and be transported into a microscopic FORT with higher efficiency. Under imposing the near resonance light, we observe the strong light-induce collisions between two atoms in a microscopic trap (see [34] ).
Dynamically reshaping the optical dipole trap
The two-trap ring lattice and single Gaussian trap can be realized by the computer controlled SLM with the corresponding holograms calculated by eq. (3) for l = 1, 0. Instead of LG modes, a more precise description of the diffraction patterns produced by holograms with spiral phase structure and their superposition is provided by Kummer beams [35] . The amplitude of a monochromatic Gaussian beam after the Fraunhofer diffraction of holograms with l index spiral structure could be described fully using the modified Bessel function of the first kind I v (z) [36] :
The superposition of u ±1 from the eq. (8) is the amplitude of the double well. If l = 0, amplitude distribution of the output beam is still Gaussian, corresponding to the single trap. Switching between the double well and single trap can be achieved by changing the holograms displayed on the SLM. This transformation process is the coherent sum of two electric field amplitudes of the diffracted Gaussian beam which can be described to be a linear mode:
where ξ is the percentage of Gaussian electric field amplitude component relative to the total electric field amplitude, which is time dependent linearly. The parameter ξ evolves from 0 to 1, corresponding to the transformation from double well to a single Gaussian trap. The cross-section evolution described by the eq. (9) is shown in Figure 9 (a) and (b). The calculation result indicates that there is interference effect between two electric field amplitudes which will reduce the diffraction efficiency. Experimentally, the corresponding output holograms are converted to an AVI version's video with 60 fps. The twotrap ring lattices could evolve into single traps in succession while playing the hologram movie on the desktop. The time evolution of trap transformation is monitored by the EMCCD camera. Due to the limitation of refresh rate, we choose to capture the image from the region of interest (ROI, see the leftmost picture of Figure 2 (b)) in better time resolution, shown in Figure 9 (c) and (d). The dip on the image data is in agreement with the theory that there is interference effect. The first-order diffraction efficiency decreases to 50% of the double well during the transformation process, resulting in escape of certain amount of trapped atoms.
Transporting two atoms into a single microscopic FORT
In double well ring lattice, Figure 10 (a) and (b) show the LIF from the whole two traps and single trap, respectively. Once the counting rate exceeds the blue line, meaning that two single atoms are trapped in the double well with one each, we trigger the control system to start the following experimental sequence: shutting off the MOT beams for 150 ms and playing the holograms movie to transform the trap shape and transfer atoms, then switching on the MOT beams to induce collisions and detecting atoms in the microscopic FORT for 60 ms. The final result that two atoms could not stay in the same microscopic FORT with the MOT beams on is in accord with "collision blockade" [13] theory. The one body loss rate is about 15.5% derived from Figure 10 (c).
In order to distinguish the atom loss induced by collisions from two uncorrelated atom loss during the transformation process, we carry out the entire experimental sequence with only one atom in double well to quantify the latter. As shown in Figure 10 (d), one atom is transferred from lattice to a single trap with high success rate of 96.5%. On the basis, we can infer that two atoms have been inserted into a single microscopic FORT at a success rate of (96.5%) 2 = 93.1%. While two atoms being loaded in the double well, the uncorrelated one-atom loss rate is 7.0% and the uncorrelated two-atom losses rate is about 0.1%.
The one-atom loss during transformation process results from reduction of the first-order diffracting efficiency and trap potential, which would lead to atoms with higher energy escape. After the truncation of the Boltzmann distribution, the survival probability of atoms remaining in the trap is given by [28]       2 surv 1 1 0.5 exp ,
where
, E is trap potential, and k B T is the mean energy of trapped atoms. Under our conditions, the survival probability of about 97% calculated from eq. (10) is in accordance with the measurement result. Therefore, the lower one-atom loss rate can be achieved by reducing the temperature of single atoms or raising the optical trap depth.
Collisions leading to atom loss in the presence of near-resonant laser light are governed by the long-range resonant dipole-dipole interaction including the radiative escape (RE) and fine-structure changing collisions (FCCs). They can be described by a simple semiclassical GallagherPritchard model [37, 38] . Asymptotically, the potential is of the form
for one atom in the ground state and the other in the excited state. For the RE process, spontaneous emission of a photon red shifted from the atomic resonance can take place, and the resulting kinetic energy gained by collision atoms has a continuous distribution. If spontaneous emission does not occur, the atoms oscillate on the quasi-molecular potential curve until undergoing FCCs, which always causes an escape of both atoms from the shallow dipole trap due to the large fine structure splitting in rubidium atoms. Thus the RE collision process is the main reason for the correlated one-atom loss, with the probability of about 8% in our experiment.
With this simple and efficient method, we could also trap two single 85 Rb atoms and bring them together to show the isotopic difference in collisions [39] or combine one 87 Rb and one 85 Rb atom trapped to study the heteronuclear excited state -ground state collisions [40] . Utilizing two atoms determinately trapped in a microscopic FORT, we can discuss how van der Waals interactions lead to dephasing of the Rabi oscillations between ground and Rydberg states, and elucidate the role of Förster zero states in the dephasing [41] . Furthermore, if the motional state of atoms can be controlled arbitrarily, it opens the door for many fascinating experiments, e.g. producing single trapped diatomic molecules through Feshbach resonance [42] or photoassociation [43] , preparing an entangled Bell pair of atoms based on coherent spin-changing collision between two atoms trapped in a single trap.
Trapping single atoms in a blue detuned optical trap
Instead of being trapped in the red detuned optical dipole trap (bright trap), several research groups have demonstrat-ed working with the blue detuned optical trap (dark trap) where the atoms are confined in a dark volume surrounded by laser beams [17, [44] [45] [46] [47] . In the dark trap, the photon scattering rate is greatly lessened, while in the bright trap it can be reduced only by increasing the detuning of the trapping laser. Meanwhile, the motional decoherence effect is significantly weakened due to elimination of the ac Stark shift in the optical dipole trap. The coherent time of atoms in a dark trap can thus be maintained to several seconds [48] . Another important application of the blue detuned trap may lay on equaling the polarizability for the ground and Rydberg state atoms [49] . We have demonstrated successfully trapping a single rubidium atom in a blue detuned optical bottle beam trap generated by the SLM [50] . Compared with other dark traps for single atoms [45, 46] , our scheme has the advantage of both scalability and addressability, and the trapped atoms can be transported freely in space by well-controlled movement of the trap.
The optical bottle beam trap is generated by focusing a laser beam, whose phase is modified by the computer controlled SLM in place of the circular π phase plate [44] . As shown in Figure 11 In the experiment, the blue detuned optical dipole laser at the wavelength of 772 nm from a tunable Ti:sapphire laser (Coherent MBR-110) is transformed by the SLM and strongly focused by the microscope objective above. In Figure 11 (c), the intensity cross sections near the focus recorded by CCD are in agreement with the theoretical calculation results. While a little difference in diameter is due to the imperfection in focusing and propagating process. Obviously, it reveals that the radius of surrounded dark region in the focal plane is about 3 μm. The intensity ratio between the trap center and the wall, also called darkness, is measured to be 1:200 by scanning through the focal plane with a pinhole. According to [52] , the optical dipole laser power of 80 mW used in our experiment corresponds to the dark trap depth of about 1 mK. Different from collection system in bright trap shown in Figure 1 , a polarization beam splitter separates the LIF from the optical dipole laser while losing half of the signals. Through two interference filters (Semrock LL01-780-12.5), the fluorescence is coupled into fiber and guided to the APD.
In order to load atoms from the MOT to the dark trap, the dipole laser is shut off for a while and then switched on again to hold atoms (the capturing cycle). The capturing cycle is performed continuously until the counts of fluorescence exceed the threshold, meaning that a single atom has been captured, then the laser is kept on (the holding cycle) until the counts fall below the threshold. In Figure 12(a) , the sudden raising and falling of the counts is similar to that in bright trap, meaning that an atom enters and leaves the trap. Figure 12 (b) shows a histogram of the counts recorded in a total time of 2600 s and a compound Poisson law fitted to the 0-atom and 1-atom peaks. It indicates that we have actually compressed the trapping volume to the "collisional blockade" regime, in which more than one atom could not be stably trapped. In Figure 12 (c), we scan the off time from 0.1 to 8 s and fit with an exponential decay function to measure the lifetime of single atoms in the dark trap without the MOT beams. The 1/e lifetime is 3.6 s, which is long enough for the next step of the experimental requirement. By replacing the SLM with a π phase plate to reduce the intensity noise in the present experiment, and by more carefully adjusting the trap parameters to lower the darkness of the dipole trap, the lifetime of single atoms in the blue detuned dipole trap can be much longer.
Recently, trapping and quantum state control of single Cesium atoms in a 532 nm wavelength bottle beam trap formed by crossing two unit charge vortex beams are demonstrated in [53] . The fast Rabi oscillation with a coherence time of about 43 ms is performed. In the future, we hope to achieve the long coherence time in the optimized dark trap which is anticipated to be at least several seconds [6] . We believe it will have more applications in quantum information processing and quantum simulation based on laser trapped atoms.
Combining red and blue detuned optical potentials to form a Lamb-Dicke trap
In order to precisely manipulate the internal and external degrees of freedom simultaneously, we expect to further cool single atoms to the ground vibrational state by implementing Raman sideband cooling [54, 55] or electromagnetically induced transparency (EIT) cooling [56] . Similar to single trapped ions [54, 57] , single atoms need to be confined into the Lamb-Dicke regime where transitions that change the motional states are strongly suppressed. The quantitative description is given by
where the Lamb-Dicke parameter , r E     and E r is the recoil energy of atoms, ν is the oscillation frequency of single atoms and n is the motional quantum number of the atomic harmonic oscillator state. To construct a LambDicke trap, we need to increase the oscillation frequencies.
The axial oscillation frequency in our experiment is much small due to extremely weak axial confinement of single atoms, which can be greatly increased in a standing wave field [21] . To enhance the radial confinement, it is a good approach to reduce the waist of the focused spot. However, limited by the technology, it is difficult to make the focus small enough. At present, by using diffraction-limited optics based on the combination of a large numerical aperture aspheric lens (NA = 0.5) placed inside the vacuum chamber and a few standard lenses placed outside, a waist of w 0 = (1.03±0.01) μm at 850 nm and a radial oscillation frequency of ν r = (160±3) kHz with a trap depth U 0 = 2.8 mK have been obtained [28, 58] . If stronger confinement is required and at the same time a lower red detuned potential depth is desired, a different method must be used. In [59] , we have successfully demonstrated a new scheme to enhance efficiently the radial oscillation frequency and confine single atoms into the Lamb-Dicke regime by a non diffractionlimited optical system.
Theoretical model for bichromatic far-offresonance trap
The key to our scheme is the use of a bichromatic far-offresonance trap (BFORT) which is composed of a blue detuned LG beam and a red detuned Gaussian beam. Since the atoms are attracted to the intensity maximum for a red detuned dipole potential and pushed to the intensity minimum for a blue detuned dipole potential, it is possible to combine the red detuned attractive dipole force and blue detuned repulsive dipole force to form a stronger force for the atoms. Experimentally, we could overlap a blue detuned doughnut (LG p=0 ) beam with a red detuned Gaussian beam to greatly squeeze the radial trapping dimension of single atoms. The radial position of the maximum intensity is related to l by max / 2 r l  . This indicates that a doughnut beam with l = 1 will have the smallest dark spot. At the focus, the optical dipole potential U b (r) of 
where w 10 is the waist size of the blue detuned laser beam, and e is the Euler's number e ≈ 2.718. According to eq. (4), the optical potential U r (r) for a red detuned Gaussian beam at the focus has the form in terms of maximum potential depth U:
The total optical dipole potential is given by the superposition of these two optical dipole potentials with opposite signs: Figure 13 shows the cross-section of potentials described by eqs. (14)- (16) with U bmax = U and w 10 = w 0 . It indicates that the synthetic potential is steeper than Gaussian dipole trap.
In harmonic approximation, the optical potential eq. (16) can be given by
Calculated from eq. (17), the radial oscillation frequency ν eff of single atoms trapped in the BFORT can be expressed simply in terms of the gain factor g and the radial oscillation frequency ν r in the Gaussian FORT: Therefore, for U bmax = U and w 0 = w 10 , we can achieve a trap steeper than the Gaussian trap and enhance the oscillation frequency by 1 1.9, e   as shown in Figure 13 . For U bmax = 10U and w 0 = w 10 , the gain factor is 10 1 5.3. e   If the original waist of the focused Gaussian spot is 1 μm, the effective trapping waist for single atoms can be amazingly reduced to 0.2 μm. This value is much smaller than the diffraction-limited spots 1.22λ/NA of the objective with maximum numerical aperture NA = 1 and focused dipole laser wavelength λ = 830 nm.
Experimental demonstration for the Lamb-Dicke trap
In order to generate the doughnut beam, a blue detuned Gaussian laser beam (λ = 770 nm) from the Ti:Sapphire laser is reflected by the SLM with a "fork" type phase hologram. The SLM phase modulation creates a "charge-one" phase singularity in the beam, centered on the "fork" defect. The collimated blue detuned doughnut beam is combined with the red detuned Gaussian beam (λ = 830 nm) by a polarization beam splitter, and then focused simultaneously onto the MOT region. The fluorescence is separated from the blue detuned and red detuned beams by a dichroic mirror, then coupled into the single mode fiber and detected by the APD.
The optical intensity distributions observed by the CCD camera are shown in Figure 14 (a) and (b). Extracted from line profile fitting in Figure 14 (c) and (d), the waists of the blue and red detuned beams are about w 10 ≈ 2.30 μm and w 0 ≈ 2.1 μm, respectively. Because of the repulsive potential for atoms from the blue detuned doughnut beam, single atoms are loaded into the red detuned dipole trap with potential depth of U = 1 mK from the MOT while the doughnut beam is off. Once one atom is trapped, the doughnut beam is adiabatically ramped up over 10 ms. The potential depth of doughnut beam is about U bmax = 3.9 mK. Calculated from eq. (18), the oscillation frequency of single atoms could be enhanced by a factor of 3 under this condition.
The oscillation frequencies of single atoms trapped in the BFORT are measured by modulating the Gaussian beam potential depth. Similar to the measurement spectrum in Figure 6 (a), the typical axial oscillation frequency in the BFORT is the same as one in the corresponding FORT. For the radial oscillation frequency measurement, we find that the intensity of resonance around 150 kHz is much stronger than resonance around 300 kHz under the same modulation conditions. To obtain the clear heating loss spectrum, we scan the modulation frequency from 40 to 190 kHz with 1.9% amplitude modulation in 100 ms and from 200 to 450 kHz with increased 12% amplitude modulation in 100 ms, shown in Figure 15 certain displacement between the optical axis of the Gaussian and doughnut beams. The equilibrium position of single atoms trapped in the BFORT may depend on the ratio of the attractive potential to the repulsive one. If the Gaussian beam is modulated, the equilibrium position will shake accordingly. When the modulation frequency is equal to the intrinsic trap frequency of single atoms, shaking will increase the oscillation amplitude and lead to heating [26, 27] . It indicates that the radial oscillation frequency of single atoms in the BFORT is increased to 150 kHz, which agrees reasonably well with the theoretical expectation. As described by eq. (18), the frequency enhancement factor depends on the ratio of the blue detuned potential depth to red detuned potential depth. It allows us to adjust the radial oscillation frequency continuously by changing the blue detuned potential depth. Furthermore, we can optimize our scheme by using a diffraction-limited optics as in [58] .
After the sub-Doppler cooling process, the temperature of single atoms trapped in the BFORT is (15±1) μK, as shown in Figure 15(b) . Under this condition, the mean quantum number of the radial oscillator is about 1.65, and the Lamb-Dicke parameter is about 0.16. This gives the rela-tion η 2 (2n+1) ≈ 0.11 and indicates that eventually single atoms is confined into the Lamb-Dicke regime. It is a good starting point for implementing Raman sideband cooling [55] or sideband cooling by driving microwave transitions [60] to further cool single atoms down to the ground state.
Conclusions and outlook
In summary, we have trapped single rubidium atoms in a red detuned ring lattice generated by the SLM. The trapping time is several seconds, and temperature is about 13 μK via sub-Doppler cooling. We have also experimentally demonstrated rotating single atom array, which opens up possibilities for single qubits manipulation and addressing. In order to investigate interactions between two atoms in a single trap, we have inserted two individual atoms into a single microscopic FORT with high efficiency by dynamically reshaping the trap. Single atoms have also been trapped in a blue detuned optical bottle beam trap. It will have more applications in quantum information processing because of reduced photon scattering and motional decoherence effects. Moreover, combining red and blue detuned optical potentials, the radial oscillation frequency has been enhanced efficiently, and single atoms have been confined into the Lamb-Dicke regime after the sub-Doppler cooling process.
For future research, we will manipulate the hyperfine states and excite Rydberg states of single atoms by a twophoton transition. Rydberg atoms exhibit bizarre properties, such as strong dipole-dipole interactions and sensitivity to external electric field [61] . Our single atom array is an ideal platform for forming Rydberg rings, which have been analyzed theoretically recently in references [62] [63] [64] . Due to "Rydberg blockade" effect [6, 7] , this system is ideally suited to perform multi-qubit operations, investigate quantum phenomena in strong interactions and experimentally simulate the energy transport procedure in light-harvesting complexes [12] . Furthermore, based on the construction of the Lamb-Dicke trap, it is possible to further cool single atoms down to the motional ground state. Thus we could precisely control the internal and external degrees of freedom simultaneously. It will provide a chance to carry out many fascinating experiments, such as efficiently producing single cold diatomic molecules using Feshbach resonance [42] , preparing an entangled Bell pair of atoms by exploiting coherent spin-changing collisions between two atoms trapped in a single trap. All of these works will finally lead to the quantum information processing and quantum simulation with neutral atoms.
